Active-site destruction during the synthesis of porous non-Pt catalysts for the oxygen reduction reaction (ORR) is investigated in detail. Because of the carbon erosion caused by CO 2 generated from the decomposition of CaCO 3 template, active-sites are destroyed during the formation of the macroporous carbon-supported cobalt catalyst (Co/N-MPC) using Co-coordinated glucose-urea resin and a CaCO 3 template. Removal of the CaCO 3 template before its decomposition can effectively suppress this site destruction, thereby leading to a higher content of catalytic nitrogen species in the catalyst. Nitrogencontaining active-sites are unstable at temperatures over 800 C. After optimizing the template removal and carbonization temperatures, the synthesized Co/N-MPC exhibits high catalytic activity towards ORR in both alkaline and acidic electrolytes. Its electron transfer number reaches 3.65 in alkaline and 3.75 in acidic electrolytes, respectively. The direct borohydride fuel cell with the synthesized Co/N-MPC shows a power density as high as 215 mW cm
Introduction
A fuel cell is a device that converts chemical energy from certain fuels into electricity through an electro-oxidation reaction of fuel at the anode and an electro-reduction reaction of oxygen at the cathode. The performance of a fuel cell greatly relies on the kinetics of oxygen reduction reaction (ORR). The catalytic activity of the cathode catalyst is one of the most crucial factors in enhancing ORR. Platinum is a highly active catalyst for ORR, but its high-cost hinders fuel cell commercialization. Therefore, cheap non-Pt catalysts are attracting signicant attention. They demonstrate high performance comparable to commercial Pt/C catalysts, with lower cost. 1, 2 In particular, some porous carbonsupported catalysts have shown a great potential for fuel cell applications.
3,4
Most carbon-supported non-Pt catalysts catalyze ORR on active-sites such as M-N x (M stands for transition metal), pyridinic-N, and graphitic-N. [5] [6] [7] [8] [9] [10] The number of these sites on the carbon support determines their catalytic activities.
11 Macroporous carbon (MPC) with high electrical conductivity is a promising carbon support because its large specic surface area ensures the capability to support more active-sites.
12,13
Unlike conventional carbon-supported catalysts, such as Pt/XC-72 in which an active-site (Pt) exists on the surfaces of solid carbon particles (XC-72), MPC-supported catalysts present active-sites on the inner pore surfaces.
14 MPC-supported catalysts are fabricated using the templateassisted method, via the carbonization of a composite consisting of a catalyst precursor and a template. The carbonization temperature and nature of the applied template signicantly inuence the active-site formation. Zeolite, silica, titania, and calcium carbonate are widely-used templates. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] However, zeolite, silica, and titania templates have to be removed by strong acids, leading to serious environmental problems in large-scale production. 34 In contrast, a cheap CaCO 3 template can be removed under mild conditions. CaCO 3 decomposes into CaO and CO 2 during carbonization. CO 2 reacts with carbon to form CO, probably causing catalyst deterioration by activesite destruction. However, little attention has been paid to the effect of the employed template on the active-site destruction.
It has been reported that the formed Fe nanoparticles may destroy the active-sites during non-Pt catalyst preparation at a carbonization temperature over 700 C. 35 Removal of Fe species before active-site destruction effectively suppresses the nitrogen loss. 36 This study investigates the inuences of carbonization temperature and CO 2 during catalyst synthesis on the catalytic activity towards ORR. Based on physical characterizations and electrochemical analyses, we attempt to gure out the relationship between active-site destruction and performance decline. Moreover, a strategy to suppress the active-site destruction is suggested. Veried in a direct borohydride fuel cell (DBFC), a high-performance ORR catalyst (Co/N-MPC) is presented aer optimizing the catalyst synthesis conditions for the suppression of active-site destruction. The DBFC is an alkaline fuel cell with high electromotive force (1.64 V) and theoretical energy conversion efficiency (91%), using alkaline borohydride solution as the anode fuel. 37, 38 The DBFC with Naon membrane is a simple and convenient model cell for the evaluation of an ORR catalyst. 39 
Method and procedures

Catalyst preparation
Ethyl silicate (Si(OC 2 H 5 ) 4 : 12 mL) was added dropwise to an ammonium hydroxide solution (2 M, 200 mL) under stirring for 4 h. Nanosphere silica was then obtained aer centrifugal separation and drying in vacuum for 6 h.
Glucose monohydrate (11.00 g) and urea (1.67 g) were dissolved in 6 and 2 mL of deionized water, respectively. The urea solution was then added to the glucose solution and stirred for 40 min at 90 C for the polymerization of glucose-urea resin. 
Physical characterization
The structure and the morphology of the synthesized samples were characterized by X-ray diffraction (XRD) using a Rigaku-D/ MAX-2550PC diffractometer with Cu-Ka radiation (l ¼ 1.5406 A), ULTRA55 scanning electron microscopy (SEM, Zeiss Corp.), and transmission electron microscopy (TEM, Hitachi H-9500) at 300 kV. Nitrogen content in the synthesized catalyst was determined using an oxygen/nitrogen/hydrogen elemental analyzer (LECO ONH836). The N species and their relative contents in the synthesized catalysts were determined via X-ray photoemission spectroscopy (XPS) using a PHI-5000C ESCA system (Perkin Elmer) with Mg Ka radiation (hn ¼ 1253.6 eV). All spectra were referenced to the C ls level at 284.6 eV to correct the peak shi that occurred because of charge accumulation on the sample. Raw data were tted and deconvoluted using the XPS Peak 4.1 soware.
Electrochemical measurements
The catalytic activity of the synthesized catalysts was evaluated in a three-electrode system using the CHI 1140A electrochemical workstation (CH Instruments), with a disk electrode as the working electrode. Linear sweep voltammetry (LSV) analysis was conducted using a rotating disk electrode (RDE) (RDE-2, BASi Inc.) to evaluate the catalytic activity in both alkaline and acidic electrolytes. The electron transfer number of the ORR (n) was estimated based on the Koutecky-Levich equation:
where I is the disk current, I k is the kinetic current, u is the angular frequency of rotation, F is the Faraday constant, and A e is the electroactive area of the applied catalyst. The reported data for the O 2 saturated concentrations (C 0 ), diffusion coefficients (D 0 ) of O 2 in 0.1 M KOH and 0.5 M H 2 SO 4 solutions, and kinematic viscosities (n) of the 0.1 M KOH and 0.5 M H 2 SO 4 solutions were used. 40, 41 The potentials were converted into the values vs. reversible hydrogen electrode (RHE) according to the pH value of the applied electrolyte as follows:
The catalyst sample (8.0 mg), ethanol (3 mL), and Naon solution (0.2 mL, 5 wt%) were ultrasonically mixed to form the homogenous catalyst ink. The catalyst slurry (5 mL) was pipetted onto the polished glass carbon electrode (3 mm in diameter). A calomel electrode in saturated KCl solution (SCE) and Pt-wire electrode were used as the reference and counter electrodes, respectively. A salt bridge was used to connect the reference electrode to the cell. RDE LSVs were obtained using 0.1 M KOH and 0.5 M H 2 SO 4 solutions saturated with O 2 at 25 C.
A test cell with an active area of 6 cm 2 was assembled to evaluate the performance of the synthesized catalyst in a direct borohydride fuel cell (DBFC). The cathode and anode catalyst inks were prepared by mixing the catalyst powder, Naon solution (5 wt%), deionized water, and ethanol in a mass ratio of 1 : 7 : 3 : 3, respectively. The cathode was prepared by coating 3.0 mg cm À2 of the synthesized catalyst on a piece of hydrophobic carbon cloth, and then heating at 130 C for 2 h. The anodes were prepared by coating the commercial Pt/XC-72 catalyst (20 wt% Pt,
) on a piece of Ni foam. Naon 112 membrane was sequentially boiled in 3 wt% H 2 O 2 solution, deionized water, 0.5 M H 2 SO 4 , and deionized water for 30 min. An alkaline borohydride solution (5 wt% NaBH 4 in 10 wt% NaOH) was used as a fuel to run the cell. Cell performance was measured at a fuel ow rate of 15 mL min À1 and a dry O 2 ow rate of 150 mL min À1 at 25 C. The cell guration and performance evaluation system was described in a previous study. 3. Results and discussion
Effects of the template
To verify the inuence of CaCO 3 decomposition during carbonization on the catalytic activity towards ORR, the RDE LSVs of the group A catalysts were measured, as shown in Fig. 2 . When TRT increased from 500 to 650 C, the ORR current and the on-set potential of the obtained catalyst increased. However, further increase of TRT led to a decrease in the ORR current and on-set potential. XRD results showed that CaCO 3 remained stable when the composite consisting of Co-coordinated glucose-urea resin and CaCO 3 was heated at temperatures below 650 C, whereas decomposed into CaO and CO 2 when heated over 750 C (Fig. 3) .
Based on the N 2 adsorption-desorption isotherm measurements (Fig. S1 †) respectively) as presented in Table S1 . † These results imply that CO 2 generated from CaCO 3 decomposition reacted with carbon at higher pyrolysis temperatures, leading to the creation of more meso-and micro-pores (inset of Fig. S1 †) . 43 As a result, the specic surface area of the Co/N-MPC(900/900) was larger than that of the Co/N-MPC(650/900).
The Co/N-MPC(900/900) had higher specic surface area, but contained much less nitrogen than the Co/N-MPC(650/900), as presented in Table 1 . Based on the reported binding energies of Co-N x , pyridinic-N, pyrrolic-N, graphitic-N, and pyridinic-N oxide Fig. 4 . Four peaks (assigned to Co-N x , pyridinic-N, pyrrolic-N, and graphitic-N) appeared in the spectra of Co/N-MPC(650/900) and Co/N-MPC(900/900). One more peak appeared in the spectrum of Co/N-MPC(900/900), assigned to pyridinic-N oxide. Co-N x , pyridinic-N, and graphitic-N were the active-sites for ORR. [47] [48] [49] [50] [51] [52] Compared with the Co/N-MPC(650/900), the lower catalytic activity of the Co/N-MPC(900/900) (in Fig. 2 ) was attributed to the lower contents of Co-N x , pyridinic-N, and graphitic-N in the Co/N-MPC(900/900) (Table 2), which suggests that higher CaCO 3 removal temperature led to a more severe destruction of the active N species. These results imply that CO 2 from CaCO 3 decomposition led to a decrease in the number of active sites.
It is indicated that the carbon-nitrogen bond in the active sites is strongly polarized towards nitrogen (the electronegativities of C and N are 2.55 and 3.04, respectively). Nucleophilic CO 2 tends to attack the electropositive carbon atoms bonded to N prior to those bonded through a covalent bond of C-C, breaking the C-N bond and forming CO, thereby leading to the destruction of pyridinic-N and graphitic-N and the release of nitrogen. To verify the relation between the CaCO 3 template and the N loss, the Co/N-MPC(SiO 2 ) was synthesized by employing SiO 2 template. SiO 2 was removed by HF acid. The morphology of Co/N-MPC(SiO 2 ) was similar to that of Co/N-MPC(900/900), as shown in Fig. 5 , but exhibited higher N content (Table 1) . Moreover, the Co/N-C prepared without template also showed much higher N content than the Co/N-MPC(900/900). These results indicate that the Co/N-MPC fabricated with a stable template yielded a high content of nitrogen, suggesting that CO 2 resulted in the N loss.
The decisive evidence for carbon erosion and N loss was obtained through the pyrolysis of the Co/N-MPC(650/900) with Table 3 . The decrease in the sample weight and N content proved that the carbon erosion and the N loss were caused by CO 2 . A more controllable experiment was conducted by loading CaCO 3 to the Co/N-MPC(650/900). Na 2 CO 3 solutions (with 0.021, 0.085, and 0.17 g of Na 2 CO 3 in 10 mL of water) were dropwise added to 100 mL of a suspension containing Co/N-MPC(650/900) (1 g) and CaCl 2 a Data in brackets account for each N-species ratio in the total N content of Co/N-MPC. Co/N-MPC ¼ 0 : 1, 0.2 : 1, 0.8 : 1, and 1.6 : 1). This result conrmed that the catalyst deterioration was caused by CO 2 generated from the CaCO 3 decomposition.
Effects of carbonization temperature
The formation of metallic Co in Co/N-MPC(900/900) (Fig. 4(c) ) not only showed evidence of Co-N x site destruction, but also suggested that Co-N x was unstable at 900 C. To understand the effect of carbonization temperature on the active-site destruction, the content of N-species in Co/N-MPC(650/800) and Co/N-MPC(650/900) were measured by XPS. The quantitative analysis results revealed that the Co/N-MPC(650/900) contained less nitrogen than Co/N-MPC(650/800), as tabulated in Table 4 . All N species contents were decreased, and Co-N x species showed a larger loss than other species, indicating that destruction of these active sites occurred at 900 C.
The RDE LSV curves of Co/N-MPCs, obtained aer the carbonization of the template-removed precursor (TRT: 650 C)
at 700-900 C, were obtained in alkaline and acidic electrolytes, as shown in Fig. 7 . The ORR current and onset potential increased when the carbonization temperature was increased from 700 to 800 C, which is ascribed to the increase in the electrical conductivity of the MPC because of its graphitization degree improvement. 53 However, further increase in the carbonization temperature over 800 C showed a negative effect on the ORR kinetics, indicating that the active site destruction occurred at temperatures over 800 C.
Like other nitrogen-doped carbon catalysts, 54 the Co/N-MPC(650/800) showed higher ORR current and on-set potential in alkali than those in acid, as shown in Fig. 8 . Regarding the polarity of the N species, N acts as a nucleophilic center because of its lone pair of electrons, whereas the connected C or Co becomes an electrophilic center. Both nucleophiles, such as dioxygen and water (ORR reactants in alkali), can absorb at the same electrophilic center such as the Co position prior to the N position in the case of a Co-N x site. 55 However, as ORR reactants in acid, dioxygen (nucleophile), and proton (electrophile) have to be separately absorbed at the Co and N positions. The larger ORR polarization of the Co/N-MPC(650/800) in acid than that in alkali can be attributed to the space steric effect of the Co-N a Data in brackets account for each N-species ratio in the total N content of Co/N-MPC. Fig. 9(a) ). 55 The developed DBFC is comparable to the cell with 28.6 wt% Pt/C catalyst (220 mW cm À2 ), showing good short-term performance stability comparable to that of the cell with 28.6 wt% Pt/C catalyst ( Fig. 9(b) ).
Conclusions
The N-containing MPC-supported cobalt (Co/N-MPC) catalyst with high performance was synthesized via multistep pyrolysis of composite containing Co-coordinated glucose-urea resin and nano-CaCO 3 template. CO 2 from CaCO 3 decomposition attacked the carbon atoms bonded to N, leading to catalyst deterioration caused by the active site destruction. Removal of CaCO 3 template before its decomposition effectively suppressed the active site destruction. Nitrogen containing active sites were unstable at temperatures over 800 C.
Through the preparation of the template-removed precursor via CaCO 3 removal at 650 C, the Co/N-MPC synthesized via the carbonization of the precursor at 800 C (Co/N-MPC(650/800)) demonstrated high catalytic activity towards ORR in both alkaline and acidic electrolytes. The Co/N-MPC(650/800) reached electron transfer numbers of 3.65 and 3.75, kinetic current ), and comparable to that from the cell using 28.6 wt% Pt/C (220 mW cm À2 ) as the cathode catalyst under ambient conditions.
The ndings of this study bring a new insight to prevent the active site destruction. In fact, any oxidants generated from carbon sources and transition metal sources during catalyst synthesis may destroy active sites. Avoiding oxidant generation during catalyst synthesis is one of the most important steps in preparing high performance non-Pt catalysts for ORR.
